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Meflxod for the rem oval of NO, and catalyst th erefor 
Bleld of invention 

Tbe invention relates to a mefhod for fhs catalytic reduction of NO^ in «n NOx containing 
gas using nuOane in the presence of a catalyst which oomprisea a palladium-oontaiianE 
zeolite. The invention also relates to a catalyst which comprises a palladium^containing 
aeoUte. The invention also relates to the preparation of this catalyst 

BacI{;gronndi of inveptton 

NO, is teleased in combnstion processes in, for exanqile, gas engines. At present only very 
few gas engines are equipped with a dd^O. installation. Apart fiom NO« Ifae exhaust gases 
of gas engmes contain conaiderahle amounts of uncomhusted methane; sometiines up to 3% 
of the fuel leaves the engine unoombusted. These methane emissions must also be 
controlled as part of &e reduction of gteoihouse gas emissions. 

NO^ can also be- rdeased from gae bwners in horticulture, generating sets, emergency 
IS power si^plies, gas turbmcs of (small-scale) combined heat and power systems, and in the 
indusliial production of. for example, cement, nitric acid, iron or c^rolactam, in traffic and 
in the bmning of household refuse. 

There are various techniques on the meaket for reduoiag NO* emissionfi. such as low-NOx 
20 bamexB and selective catalytic reduotion v/iSi ammonia or urea. These teehniques, however, 
are impossible or expensive to appfy for many (small-scale) (gas bmner) installattons which 
produce NOx. There is ftesre&ie a demand for an inexpoisive downsiicam technique for ttie 
reduction of NO,. 

25 US Patents 5,149,512 and 5,260,043 describe methods in which NO, is removed wilh the 
aid of methane and in -wbich inter alia a catalyst is used which consists of a 2SM-5 zeolite 
loaded wifli cobalt This catalyst, however, only has limited activity for the catalytic 
reduction of NO, with methane. In the absence of water, temperatures above 450''C are 
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necessary for an NO. removal efficiency above 50%. U Hie presence of water, howevar, it 
niust be eixpected that the NOx convetsiQn'wm decrease by about 

According to the review article by Traa et al., Co-ZSM-S c^an also be uaed fia- the reduction 
5 of NOx with propane (Y. Traa. B, Binger, J. Weitkamp, Mior. Mes. Mater. 30 (1999) 3-41). 
It was found here that the method of preparation of the catalyst was critical, and that much 
hi^er activities were obtained if the zeolite was loaded with cobalt by the impiegnalion 
method (incipient wetness)- 

10 A mui* more efi&oieatcatatyBt for Ihe reduction of NOx wife methane was found in 
fonn of ZSM-5 with palladium. It is ttne that fliese zeoUtes have a hi^ activity than 
zeoUtBB based on cobalt, but it tmns out that the activity of the Pd zeoHte catalyst also 
decreases greatly in the presence of water. Loss of activity is also clearly observed as a 
fimction of time, (see for esicample Y. Traa, B, Burger, J. Wedtkamp, Mcr. Mes. Mater. 30 

15 (1999) 3-41). 

Ogora et al. (M, Ogura, S. Kage, M. Hayashi, M. Matsukate and E. Kikuohi, Appl. Catal. B 
27 (2000), L213-216) describe the stabilization of Pd-ZSM-5 with, the aid of inter alia. 
cobalt, ihodium, silver^ cerium ox iron. It is ^parent from this study that cobalt is highly 
20 suitable as a stabilizer. Cobalt might also have a promoting effect on the reactiojn 
(promotor). The ofliejr elements, rhodium, silver, cerium and iron, are promoters in the 
reaction and also provide Pd-ZSM-S stabilization. 

Fiom Kgute 3 in ais publication, however, it can be deduced that aOfliough these elemsots 
25 can have a stabilizing effect (the half-life increases), it also turns out that fbe initial 
conversion activity deqreasea; if loaded with rhodium the mitial activity goes from 49.7% to 
18.9% (drop of about 60%), with silver the initial activity goes from 49.7% to 29.9% (drop 
of about 40%), with cerium the initial activity goes from 49.7% to 39.6% (drop of about 
20%) and with iron the initial activity goes from 49.7% to 40% (drop of abojxt 20%). In a 
30 number of cases, this may mean that for a substantial part of its life the stabilized catalyst 
has a lower activity than the non-stabilized catalyst That is not desirable. The fact that the 
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initial oonversionfi diflte so nmch wth the diffiarent metal combinations also mates it 
almost impossible here to check whether there is in fijct any stabiUsdiig effect at all. 

Only for the Pd-ZSM-^S catalyst stabilized wiiji cobalt (Pigujres 1 and 2 of this publication) 
5 does it ^ear to be true that Qse activity scarcely decreases as a restilt of tiie addition of 
(3.3% by weight) cobalt, while good stsbilization is indeed obtained (in any case for a 
reaction time up to about 14 h). On tiie basis of this article the person skilled in the art 
would opt for a Pd-Co-ZSM-5 catalyst for the reduction of NO, using methane. The activity 
of this catalyst is limited, however; only 60% NOx conversion is achieved at 5WC\ the 
10 stability aiter about 14 his not Imown. 

In US Patetit 6,063,351 a catalyst based on this palladium-cobalt pairing, with mordanite 
(MOR) as earner, is described fbr the reduction of NO^ with methane. This catalyst has 
maticedly impioved activity con^iared with the cobalt catalyst of the above-mentioned US 
15 Patent 5,149,512, Experimfintally, however, the stability of this catalyst is fb^ind to be 
inadequate in the long term. 

Japanese patent abstracts JP 09 192486, JP 08 164338 and JP 07 32325 also descril)e 
catalysts in which. Pd may be present. However, none of these abstracts show or indicate 
20 that palladium should be present as an ion coordinated by a zeolite. In contrast, for example 
JP 08 164338 describes that Pd (oxide) layers are present on a zeolite, and JP 07 32325 
describes that oxides aie present on a y-aluniina substrate. The disadvantages of these 
catalysts are the same as the disadvantages of the other catalysts Icoow ftom the art and 
described above. 

2 5 Summary of invention 

It is therefore the object of this invention to find an efficient method fbt the catalytic 
reduction of NO^ in an NOp^ containing gas using methane, with the aid of a puitable 
catalyst. It is furthermore an object of the present invention that this catalytic reduction shall 
also take place efBciently in the presence of water in the NOx comprising gas. It is also an 
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object to fiiid a catalyst with a hi^ activity for flie catalytic rediictioii of NO, and ^tfa a 
hi^ stability. 

Smprisiagly it was found that a zeoUte based on rings having 12 oxygen atomfi also 
5 containing palladiim ions, with the soeolite al^o containing soanriinm, yttrium, a lanQianide 
or a combination thereoC gives exceUent results in ttie catalytic reduction of NO^ with the 
aid of methane. In this way an inexpensive NOx reduction technique is obtained. Methane is 
relatively cheap and available almost everywhere from the natural gas network. The 
invention therefore relates to a method for the catalytic reduction of NOx in an NOx 
10 containing gas using methane in the presence of a catalyst whidi comprises a palladium^ 
contaming zeolite, chacacteriased by using a zooUte b^ed on rings having 12 oxygen atoms, 
wherein the zeolite also contains scandium, yttrium, a lanflianide or a combination thereof. 

The mvention algo relates to this catalyst which comptisefi a palladium^containing ^lite, 
IB wherdn the palladium in the zeolite is wholly or partially coordinated as ion by the zeolite, 
wherein the zeoHte is b^ed on rings of 12 oxygen atoms, and wherem the zeolite is also 
loaded with scandium, yttrium or a lanthanide or a combination thereof. 



The invention also relates to a method for the preparation of such a catalyst, wherein the 
20 zeolite is loaded with scandium, yttrium, a lanthanide or a combination thereof and 
optionally other metals after having been loaded with palladium by ion exchange. 

Description of invention 

In the description of the invention NQ» is defined as nitrogen oxides where x (or the O/N 
ratio) is greater than or equal to 1, such as NO, NO2, N2O3 etc. N2O, langUng gas, is not 
26 hicluded in this definition. NO is usually in equiUbrium wifli other nitrogen oxides, where x 
is greater than 1, and oxygen 

^'Methane" or a "methane containing gas" means methane, but cm also mean natural gas or 
another gas mixture containing methane and other gases. •Talladiura-containing" means that 
30 palladium ions are present in the channels (pores) and/or cages of the zeolite* Lanthanides 
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dffl) are the etem^ 57 (La, lanthanum) to 71 (Lu, bOethm) inclusive. "Metal" or 
"element" means that the elemeots ca^ be present as amatal. as a metal compound (notably 
oxides), but also as an ion of the elemenl>inetai 

The NOx containing gas can for example be the gas released by a gas eoghie or a gas bumer, 
but can also be an exhaust gas from nitrio acid synthesis. The gas can also contain oxygej 
and/or water. Unlike most catalysts according to the prior art. the catalyst according to the 
invention loses litfle or no activity in the presence of water. This is true in particular if the 
water is present in quantities up to about e.g. 12%. Oxygen can for example be 

present rtp to about 20%. The gas may also contahx carbon monoxide (CO), that can be 
removed (partially or completely) by the catalyst of fte invention. Hence, the invention is 
also directed to a method where a catalyst is also used for the removal of NO, and carbon 
monoxide, e.g. m Kdiausts of gas engines. CO may be present in amounts of e.g. 1-2000 
ppmornooze. 



The invention encompasses a method for the catalytic reduction of NO;; in an NO, 
containing gas using methane in the presence of a catalyst which comprises a palladium-^ 
containing zeoUte. characterized by using a zeolite based on rings havmg 12 oxygen atoms, 
wherein the zeolite also contains scandium, yttrium, a lanthanide or a combination thereof 

20 The invention is also direct to such catalyst.The paUadium is brought into the zeolite by ion 
exchange, before other (active) metals are hxtrodoced into and/or onto the zeolite. The ion 
eamhange step is important, as is also the order of introduction of the metiOs. Impregnation 
is generally a simple and cheaper method of putting metals into a cancier, and this method is 
often used for this reason (among olhera by Cordoba et el,: L. F. Cordoba, M. Flytzani- 

2 5 Stq>hauopoulos, C. Montes dc Correa, Appl. CataL B 33 (2001), 25-33). 

Cordoba et al. (L. F. Cordoba, M. Flytzani-Stephanopoulos, C. Montes de Contea, Appl. 
Catal. B 33 (2001). 25-33) choose a method for the reduction of NOx in which a catalyst is 
used based on cerium-paUadium-mordcnite and NOx is reduced with the aid of dodecane as 
30 reducing medium. In this catalyst for this reaction, however, impregnated cerium is tiie 
active element and inqnegnated paUadium ttie promoter. 
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If fhfi oatalyrt accoidijag to Cordoba et aL is iwed fcr fixe j^uctian of NO^ with mefiiane. 
this is found to be iMdequate: meHiane is partiaUy combusted instead of reducing NO,. If 
dodecane has to be used, the presence of PdO (presmt after imptegnation and calcination) » 
fevourable for the combustion of cote precuisora on the catalyst surface. The presence of 
5 PdO is feund to be unwanted in the case of methane, however: methane is oxidized and less 
reaction with NOh can then take place. The palladium must therefore be brought iirto the 
zeolite by ion exchange, so that the paUadium ion (especiaUy as Pd^, wholly or partiaUy 
coordinated by the zeoUte lattice, and not as PdO, is present in the zeolite lattice. For 
palladium it is swprisingly fcund that it is important for the method of the present invention 
Sc*:^- 10 that palladium is introduced by ion exchange. Therefore, the z^Ht^ is loaded with 
scandium, yttrium, a lanthanide or a combmation thereof and optionaUy other metals after 
havmg been loaded with palladium by ion exchange. 

The expression ^wholly or partially coordinated by the zeolite' means that the palladium has 
1 5 been introduced by ion exchange, and the palladium as Ion (Pd^ for example) is exchanged 
for cations especially an the pores which (via oxygen) axe associated witti alummium. The 
palladium ion is therefore exchanged for at least 1 cation of the zeolite and is thus 
coordinated by the zeolite. The palladium can also be coordinated by an anion from the 
solution (which has been used for the exchange), but can al^o be exchanged with a second 
20 cation from the pores, hi this way the palladium is then completely coordinated by the 
2»ohte and the palladium is in any case after ion exchange substantially present as an ion 
aad not as palladtom oxide. Palladium may have been exchanged with and ]S}H4^ for 
example. The exchange will take place particularly in the pores. The zeoUte is preferably 
loaded with 0.02 to 2% by weight of palladium. Here, "% by weight" refers to the amount 
25 of zeoUte exchanged with palladium. 

The feet ttiat palladium is present as an ion can also be determined with the aid of IR 
measurements (FTIR), A non-exchanged zeoHte has a lattice vibration baud at about 1050 
cm\ whereas a zeolite exchanged with Pd^^ has this band at about 950 cm'^ Such a band at 
3 0 about 550 om'^ is also absent after impregnation, which means that Pd is not present as Pd- 
ions but as PdO> e.g. as PdO clusters. The catalyst of the present invention therefore 
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comprises a zeoUte eotchanged with Pd^, wilii m absorption signal being foimd with Pim 
at about 950 cm-^ as a result of a zeolite latd.ce vibratioiL As described above, this zeolite, 
based on rings having 12 oxygen atow, has been or is furtfaar loaded with scandium, 
yttrium oi* a lanthaoide or a combxoation thereof 

5 

The zeoHte for the method for the catalytic reduction of NO* according to the invention, in 
which ihe palladium is introduced by ion exchange, belongs to the guoxtp of 2;eoUtes which 
contain 12-rings (12 O atoms). The term "12-riiig" means that in the zeolite channels or 
pores are present which are constructed of rings of Si/Al and oxygen and in whidi 12 
•W 10 oxygen atoms are present. Surprisingly these zjeolites are found to be much more 
satisfectory for the present meBiod than zeoUtes based on 10-rings, for example, such as 
ZSM-5. The zeolite to be used according to the invention therefore comprises a zeolite 
. wherein 12-i3ngs are present, such as, for exatnple, FAU, MOR, BEA, EMT, CON, BOG or 
rrQ-7, etc., or other zeolites based on 12-rings. which are known to the person skiUed m the 
15 art, or combioations thereof, e.g. FAU and MOIL The silicon/aluminium ratio is preferably 
2 or greater. Pardculariy good results are achieved when the zeolite is MOK. 

Scandium, yttrium and/or one or more InnthRTiidpig are put in the zeolite as a stabilizing 
element. Examples of these elements are lanthanum, cerium, praseodymium, gadolinium, 

20 terbium, dysprosium, or combinations such as cerium and gadolinium, etc. The introduction 
^ can talce place by ion exchange m the liquid phase, but the loading can also be obtained by 

pore volume impregnation pncsipient wetness technique). Hence, tiie invention also 
comprises a method where the zeolite is loaded witii scaudiimi, yttrium, a lanthanide or a 
combination tiiereof by ion exchange or incipient wetness techmques. It is important that 

25 this step talces place after the introduction of the palladium ioiL Surprisingly it is fcund that 
this combination of (a) a Pd zeolite based on rings having 12 oxygen atoms, where (b) the 
zeolite also contains scandium, yttrium, a lanSianide or a combination thereof, gives 
exceUent results in the present method for the catalytic reduction of NOx in an NOx 
containing gas using methane. The second element increases the stability and preferably 

30 fbrtheimore iiusreasea the initial activity, eveu in the presence of water. 
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In aoother eaibodimeDt, Qie zeoHte is loaded Tvifh scaodium. yttrimn, & UtoQiBmde or a 
coTDbinalion thereof by physicaUy miadng flie zeolite with salts or oxidea of said metals. 
Also flus meOwd to obtam the catalyst provides good results fiw lii© method of the inventioii 
fin- the catalytio reduction of NOx with melhane. Here, the term 'loaded' is used to indicate 
that file zeoUte is physically mixed Wife salts or oxides of said metals (or combinatioiis 
thereof). Mixing will mainly be done by dry mixing, but one may also add some liquid, to 
improve flie raising. In this embodiment, the catalyst of the invention comprises a mixture 
of a zeoUte based on rings having 12 oxygen atoms, wherein tiie zeoUte ion-exchanged with 
palladium and Is fUrflw loaded with one or more salts and/or oxides of soandimn, yttrium, a 
l a nth a nid ft or a combination thcnreof. When salts are used, they will usually be converted 
into oxides, 6.g. during apretreatment 



The invention further comprises a method for the catalytic reduction of NO, and a catalyst 
where the sseoUte is loaded with one or more metals fiom groups lHa, lUb, IVa, IVb, Vb, 
15 VIb, vnb, and VHI of Qie periodic system (c), in addition to (a) palladium and (b) 
scandium, yttrium, a lanthaaide or a combination thereof. For example, the zeolite may be 
loaded widi manganese, vanadium, niobium, gallium, indium, titanium, hafiiium or 
stannum, but the zeolite may also be loaded with gennanium, lead, airoonium, tantahun, 
chromium, molybdenum, tungstun, rheniimi, iron, ruthenium, osmium, cobalt, ihodimu, 
20 iridium, nickel, and platinum. Here the same applies as described above for scandium, 
yttrium, etc., viz. that the zeolite may be loaded by ion eatohwge. incipient wetness 
techniqiws or by physically mfadng the zeoUte with salts or oxides of said metals (see also 
below). Also combjnations of these elements can be used, Sat exaotple cobalt and piafjnimi, 
or rhodium and molybdenum, manganese and cobalt; galfium and platinum, etc,, or 
25 combinationfi of more than two metals team aboye-mentioned groups can be chosen. The 
zeolite may be loaded with 0^20 % by weight with one or more metals fiom groups Dla, 
nib, IVa, rVb, Vb, VIb, VHb, and VHI of the periodic system (c). Here, "% by wei^t" 
refers to the amouat of zeolite exchai^ed with palladium (a) and loaded with oxides or salts 
(or both) of the metals fiom So, Y or a Ln (b) as weU as the metal(s) fiom Group VIH of the 
30 periodic system (c). 
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The ioveaifioii also encampa^ses in one smbodiment a metbod Ibr tite catalytic ndactim of 
NOx and a catalyst where fbe zeolite is also loaded wlflx 0.01-2% by weigbt of a second 
metal &om Group vm of the periodic system, in ad«Jition to paUadimo. Here, "% by 
weight" refers to the amoimt of zeoHte exchanged with palladiimi (a) and loaded Vfitb. fine 
metal(s) aa oxide(s) or fialt(s) of Sc, Y or a Ln (b) and the second metal fiom Group Vm of 
the periodic system (c). Examples of snch a metals are cobalt and platiman. 

The presoit invention also esnooxnpasses a catalyst as described above. 

The process conditions fiar the catalytic ledoctian of NQ« will depend on the ^licationa. 
The person skiUed in the art will ifaere&re dioose the catalyst volume, the gas speed, Oie 
tefflperatnic, the pressure and Hha quantity of methane (or natural gas), and the compositiou 
of the gas, in such a way tiist the best comrersion results are achieved. Good results are 
achieved, fcr exanqjle. at an NO content of about 100 ppm or more. It is possible to work 
with an excess of methane. The NCVmefiianB ratio is preferably between about 0.02 and 2. 



The method can be uaed at relatively low temperatutes. The conversion of NO, takes place 
fiom about 300«C onwards. Almost complete conversion takes place at about 450"^ At 
hi^ tenqjeratuTBS the conversion may decrease somewhat, but good results are stiU 
2 0 achieved at S00*C. The tenqieratore for woridng is preferably between 300*C and 600»C, 
more prefeirably between 350"C and 450»C. 

The mefliod according to the invenlion can inter alia be used for ttie catalytic reduction of 
NOk wMch for example is emitted by gas engines, gas burners or emergency power 

2 3 supplies, or NOx which is emitted during caprolactam production, etc. 

Thus, gas burners are for example used in horticultwe for COj fertilization in greenhouses. 
A trace of NO,, can already impede the growth of the plants. In generatcDg sets for 
emergency power siqjplies. use is usually made of diesel as fuel. In order to remove NO«. 

3 0 according to the invention the reducing agent methane can be obtained from the natural gas 

network. In small-scale combined heat and power installations, gas turbines are also used in 
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addition to gas engines. In the case of ihesetBibines. too. ^ ! 
outlet gases. Tlxetecbdque which makes iifleofnahiral gas as flw I 
aoimonia) is highly sqitable for this putpose. i 

The method accoiding to the invention can also be used in combination wifli a catalyst &r 
the removal of N2O. so that boUi NQx and N2O (laughing gas), which are emitted in the 
mdusttial production of niudc add for example, are removed. A preferred embodiment of 
this coqqnises the mefliod of the invention in combination with the calalyst for the removal 
Of NzO, wherein ttie latter is an iion-containing zeolite and/or a promoted iron-containing 
zeolite. In this process a gas containing mtrogen oxide CNQ,) and dinitrogen oxide (K2O) is 
passed wilii methane fttou^ a first catalyst^ as described aboves. and the gas obtained is 
men passed Qirou^ an additional catalyst, where this additional catalyst eompiises an iion- 
containing zeoKte and/or a promoted iron-cantaimng zeolite. The term "promoted" means 
that in addition to an active element, sudi as iron, the catalyst contahis at least one 
additional element which promotes the reaction. Fe-ZSM-5 or Pe-MOB, Jbr exan^le. can 
be chosen as additional catalyst The term "additional catalyst" refers to any exiia "catalyst, ' 
next to the catalyst of the invention. The person skilled in the art may also use a 
combination of additional catalysts. 

20 NQx and N2O are also emitted in the production of c^rolactam, a nylon precursor. The 
method desciibed above of catalytic reduction of a gas containing nitrogen oxides and 
dioitrogen oxide wifli methane and the catalyst conibmation can also be used here. 

The method according to the invention, as described above, can also be combmed with 
23 other catalysts, e.g, catalysts fbr the removal of methane (sudi as PdO- or PtOpbome 

catalysts for example). Such a catalyst can be used to bum any methane left oyer after the 

catalytic reduction. The invention there^jre also encompasses a mefiiod wherdn an 
. additional catalyst is used fcr the removal of methane, for example the combination of Ce- 

Pd'MOR and a PdO- or PtO^bome catalyst, or for example the combination of Ce-Pd- 
i 0 MOB, Pe-M<M5. and a PdO- or PtO-bome catalyst 
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The present iovention also encompasses a method for the inepatatioii of a catalyst which is 
suitable for flie catalytic reduction of N(\ ftom an NQ, coatfliaiiig gas vudng mutbmc. as 
described above. In this method the zeolite is loaded with scandium, ytfaiijm, a laoflianide or 
a conjbiiiation thereof (and optionally other metala) aiter having been loaded witt palladium 
by ion exchange (with the aid of a palladiiwi salt in ttie liquid phase). 

As meottooed above, the zeolite is loaded with scandium, yttrium, a lanthanide or a 
conibination Ihcsreof by ion exchange, incipient wetness techniques or by physically mixing 
die zeoUte with sahs or oxides of these metals. The zeoUte may be loaded with 0.01 to 50% 
by weight of these elements (present as oxides salt or as ion). The person skilled in the art 
may choose the ^propriate amounts of Ihe metals. Here, "% by weight" refers to the 
amount of zeolite isxcihanged with palladium (a) and loaded witii the metals) aa oxidfi(s) or 
salt(s) of Sc, y or a Ln (b). 

When physical mixing is used to load the zeolite, the zeolite may usuaUy be loaded -wilh 
0,01 to 50% by weight of scaodivm, yttriwn, a lanthanide or a combination thereof. When 
ion exchange or incipient wetness techniques are used, fbe zeoHte may usuafly comprise 
0.01 to 20% by weight of acandium, yttrium, a lanthanide or a combination thereof, hi a 
flirflier anbodimen^ the zeolite is e,g. loaded with 0.01 to 20% by weight of these elements, 
more prefbrabfy with 1-10% by weight. 

Jo, a further embodnnent of flie method for the pi^wratlon of the catalyst according to the 
mvention, a method may be vsed, where the zeolite, after havmg been loaded ^th 
palladium by ion exchange, the zeoUte is optionally loaded with one or more metals fiom 
groups nia, nib, IVa, IVb, Vb, VIb, Vnb. and vm of the periodic system, m addition to (a) 
palladium and (b) scandium, yttrium, a lanthanide or a combination thereoj; before, at ±a 
same time or after the introduction of scandium, yttrium or a lanthanide or a combination 
thereof. The loading of the catalyst according to ifae invention with these metals can be done 
by ion exchange, inoqiient wetness techniques or by physically mixing the zeolite with salts 
or oxides of said metals. For exaDq>le when ushag mcipient wetness techniques, after the 
palladium exchange the zeolite can be loaded witti 0.01 to 20%, e,g. 0.01-2% by weight of a 
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second metal fiom Gioi^ Vm of tJie periodic system, in addition to palladhnn. befcte. 
duiiiig or after the introduction of BCflodhmi. yttrimn 

Known salts such as readily soluble nitates, for exaa^le, are used for tiie palladium 
exchange. The H or NE4 foim of the zeoUte. such as for example NH4-MOR or H^AU, 
etc., can for exanqjle be used as the zeolite. The exchange is performed long enough (or 
often enough) for about 0.02 to 2% by weight of palladium to be present in the zeoUte, The 
zeolite is then filtered o^ washed and dried. After tiiat the zeoUte is loaded with scandium, 
ytttinm, a laafliamde or a combination Ihereof This can be done by ion exchange or by pore 
vohime impregnation (Incipient wetnefls technique). After that the zeolite is dried and 
calcined. It can also be done by a physical mixing (see ^ve). 

Hence, the catalyst of the invention canqnises a paUadimn-oontajning zwUte. y^erein ftie 
palladium in the zeolite is wholly or paitiaUy coordjnated as ion by the zeohte, ^erehi the 
zeolite is based on rings of 12 oxygen atoms, and wherein the zeolite is also loaded with : 
scandium, yttrium or a lanthanide or a combination thereof and wherein the 2eo]ite is ■ 
optionaUy also loaded with (c) one or more metals from groxjps Ula. IHb, IVa, IVb, Vb, ' 
VIb. VHb. and VHT of the periodic system. This catalyst may be prepared and used in 
various embodiments, as shown in the table below: 





Indian 


soandium, yttrium or a 
lanthimide or a combination 
tfaeieof 


optionally one or more 
metals from gnmps Tffn^ mb, 
IVa. IVb, Vb, VIb, Vllh, and 
vm of the periodic system 


Via ion exdmnge of the 
zeolite 


X 


X 


X 


via incipient wetness 
techniques 


m 


X 


X 


via physically mixing of the 
zeolite wifh a salt or oxide 




X 


ic 
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16 



20 



25 



30 
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One may also use a combination of methoda. e.g. imp^gnatiqg a Pd-eKdumged zeolite wife 
scandiam, yttrium or a lanflianide or a combination tiiereot and ibea finther physioaUy 
mixing with an oxide one of liieae metals. 

Instead of physioally mixing, or next to physioaUy mixing, one may also use combinations 
of catalysts, e.g. a combinatian of catalysis where flie catalysts ai-e airanged in series. For 
example, ibe inveniion oonynises also ametlind and a catalyst whets the catalyst comprise^ 
a combination of (eat 1 (a)) a palladinm-coniaining zeoUte and (cat 2 (b)) an oxide of 
scandiunj, yttrimn or a lanijjanide or a combination thereof, in which the oatalyBts (oat 1 (a) 
. and cat 2 (b)) axe ananged in series. M anothesr embodiment Ihe invendon comprises a 
method and a catalyst where the catalyst oompiises a combination of apalladium-oonlaining 
zeohte which has been loaded wilh scandimn, yttrium or a Uuitiianide or a combination 
thereof by incipient wetness techniques (after the ion exchange with paUsdimn) (cat l(a,b) 
and an oxide of one or more metajs from groups ma, mb. IVa, IVb, Vb. Vlb, Virb. and 
Vm of the periodic system (cat 2 (c)). in which the catalysts (1 (a,b) and 2 (c)) are arranged ! 
in series, 

Here, the phrase "loaded wilii one or more metals from groups Ula, IHb, IVa, IVb, Vb, Vlb, 
Vnb. and vm of the periodic system, in addition to (a) palladium and (b) scandinm, 
ythium, « lantiianide or a combination thereof describes that the zeolite is exchanged with 
palladinm ions (a) and fiafher loaded scandium, yttrittm. a lantbanide or a combination 
thereof (b), either by ion-exchange, mclpient wetness techniques or physical mixnig with 
oxides or salts and also loaded with (c) one or more metals fiom groups nia, mb, IVa, IVb, 
Vb, Vlb, VUb, and Vra of the periodic system (either by ion-excbange. incipient wetness 
techniques or physical mixing witii oxides or salts). The loading of the zeolite by palladium 
ions is ahvays the first step. Then at the same time or after each other, the zeolite is loaded 
with one of lie otiier metals (b,c). Smce Pd should be exchanged first, "loaded with one or 
more metals fiom groups IHa. Hlb. IVa, IVb, Vb, Vlb. VHb. and Vm of the periodic system 
in addition to palladhim" means "loaded wifli one or more metals from groups ma, mb. 
IVa, IVb, Vb, Vlb. VUb, and vm of flie periodic system, with the exception of Pd! 
However, when a mefljod is used, wherein an additional catalyst is used &r the removal of 
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methane, Pd may be comprised as additional catalyst, which wiU be positioned in series 
after the catalyst of the invention (see also above). The catalyst of the invention comprises a 
palladiiim exchanged zeolite that is subsequently loaded with scandium, yttrium, a 
lanthanide or a . combmation thereof (b), either by ion-exchange, incipient wetness 
5 techniques or physical mixing (see above). Therefore, the phrase "loaded with one or more 
metals from groups mb, of the p^odic system in addition to (b) scandium, yttrium, a 
lanthanide or a combination thereof* means that the catalyst of the invention comprises a 
zeolite that, is "loaded with one or more metals chosen firom the groiip consisiting of 
scandium, yttrium, and lanthanides (La and Lu inclusive) (b) and may optionally be loaded 

1 0 with one or more metals from group mb (belonging to (c)), wherein in the case of a loading 
with the same loading techniques the metals chosen from group (b) and group (c) will 
usually be different, and wherein in the case of a loading with the different loading 
techniques the metals chosen from group (b) and group (c) may be the same or may be 
different". Examples of loading with the same techniques are e.g. ion-exchange for metals 

15 chosen from (b) and ion-exchange for metals chosen from (c); or a physical mixing for 
metals chosen from (b) and a physical mixing for metals chosen from (c). For example, a 
zeolite is exchanged with palladium and then impregnated with cerixim. The cerium- 
palladium zeolite may then physically be mixed with cerium oxide. 

20 The invention is also directed to a catalyst that is obtainable according to method for the 
preparation of the catalyst of the invention. 

Description of the figures 

Figure 1: CH4 and NOx conversion over palladium-containing mordenite, wherein the 
mordenite is loaded with palladium by ion exchange (WIE) (Pd; catalyst 1) or impregnation 
2 5 (IMP) (Pd; catalyst 3). 

Figure 2: FTIR absorption spectra of mordenite which has been impregnated with palladium 
(PdIMP) (Pd; catalyst 3), has been exchanged with palladiimi ions (PdWIE) (Pd; catalyst 1) 
and unloaded mordenite (HMOR). 
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Figure 3: NOx conversions over palladium exchanged mordenite (Pd; catalyst 1), cerium 
loaded mordenite (Ce; catalyst 5), cobalt-palladium loaded mordenite (Co-Pd; catalyst 4) 
and ceriimi-palladiimi loaded mordenite (Ce-Pd; catalyst 2). 

Figure 4: NOx conversions over cerium-palladium loaded mordenite (catalyst 2) with 
5 methane as a function of time at different temperatures and gas speeds. 

Figure 5: NOx conversions over cerium-palladium loaded mordenite (catalyst 2) with 
mefliane as a function of time at 350*^0 and with a gas stream that is characteristic of the 
emissions of a liitric acid factory. 

Figure 6: Conv^sions as a function of the temperature of a combined deN0x/deN20 setup 
1 0 where the gas is first passed through catalyst 2 and then through catalyst 6. Methane is taken 
as the reducing agent; the gas stream is characteristic of the emissions of a nitric acid 
factory. 

Examples 

Test apparatus: 

15 The catalytic conversion of NO, NO2 (and possibly N2O) with methane was studied in a 
SCTii-automatic test setup. Gases are supplied with so-called Mass Flow Controllers (MFC) 
and water is added by means of a saturator which has been set at the right temperature. 
Pipes are heated to 130*^0 in order to prevent condensation. A quartz reactor with an intemal 
diameter of 0.6 to 1 cm is placed in an oven for the e:q)eriments. The catalyst sieve fraction 

20 (0.5-0.5 mm) is placed on a quartz gauze. Quantitative analysis of the gaseous phase is 
possible using a calibrated Bomen MB 100 Fourier transform infra-red (FTIR) spectrometer 
equipped with a model 9100 gas analyser. The carrier gas (balance) in the examples is N2. 

Example 1: Preparation of loaded zeolites 
25 Catl: Palladium-MOR (Pd-WIE) 

Pd-MOR was prepared by ion exchange. NH4-MOR powder (Zeolyst, CBV21a) was stirred 
for 24 h, at 80^C, in a 10% by weight Pd(N03)2 in nitric acid (Aldrich, 10%) solution. After 
that the zeolite was filtered off, thoroughly washed with demineralized water and dried for 
16 h at SO'^C. (Pd(WIE)-MOR; here WDB stands for 'obtained with ion exchange'). 
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Cat 2: Ceriign-PalladfuTn'MOR (Ce^IMP; Pd-WIB) 

For the preparation of 4% by wt Ce(IMP>0.4% by wt Pd(WIB)-MOR 5 gnuxis of 0.4% by 
wei^t PdCWIB^MOR. was ftea tqbm and 1 ml of cerim mtcate (Aldrich) was added to it 
witii a density of 1.44 gramp per ml. The pores were precisely filled with this quantity 
5 (ixKsipient wetness). The iixipxegnated zeolite was then dried fisr 16 h at 80'C and after that 
calcined in the reactor at 450<>C. 

Cat 3: Palladium MORCPdCiMP)) 

For the preparation of 0.4% by wt Pd(IMP)-MOR 5 grams of NH4MOR was tolcen and 0.45 
10 grams of 10% Pd(N03)3 in 10% nitric aoid was added to it The impregnated zeolite was 
then dried fi>r 16 h at 80"C and after that calcined in the reactor at 450^C. OPdIMP means 
impregnated with Pd). 

Cat 4: Cobalt-PaUadiumMbR(Co(B4P)nPdCWffi^ 
15 For the preparation of 2,3% by wt Co(IlMD?)^0.4% by wt PdCWlE>MOR 5 grams of 
Pd(WIE)''MOR was taken and 1 ml of cobalt nitrate (Al<JTich) xvae added to it with a density 
of 1 .38 grams per ml. The iDOpregnated zeolite was then dried for 16 h at 80*C and after that 
calcined in the reactor at 450^0, 

20 Cats: Ceriiim-MOR (Ce-IMP) 

For the preparation of 4% by wt CeCCMP)-MOR 5 grama of NH4-MOR was taken and 1 ml 
of cerium nitrate (Aldrich) wap added to it with a deoaly of 1.44 grama per ml* The pores 
were precisely filled with this quantity (incipient wetness). The impregnated zeolite was 
then dried for 16 h at 80°C and afier that calcined in die reactor at 450°C 

25 

Cat 6: Fe^SM-S 

This catalyst was prepared by the method of preparation described in NL-A-1017245. 

Cat 7: Praseodimiw-Palladimn-MOR (Pi-EVDP; Pd-WTE) 
30 For the Pr-Pd combination catalysts, 1 ml of praseodymiumnitrate (9.375 gram dissolved in 
10 ml demiwater) was added to 5 gram of Pd-MOR (Cat 1). In this case the pores of the 
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zeolite ^ere precisely filled (,o-^ "in^ wetness impx^gnatfoa-^. Finally fte 
catalyst W8S dried for 16 h at 120 *C and calcined at 450 »C in sitn. 

Cat 8: Yttriuni'-Palladiijm-MOR (Pr-IMP; pd-WI^ 
5 Pot the Y-Pd combiiiation catalysts, 1 ml of yttriTOtiate (11.5 gram dissolved in 10 ml 
demiwater) was added to 5 gram of Pd-MOR (Cat 1). In this case the pores of the zeoKte 
were precisely filled (so-oaUed "incipient wetaes8 impregnadon"). Finally, the catalyst was 
dried fi» 16 hat 120 "C and calcined at 450 'C in situ. 

10 Cat 9: Physical mixture ofaa 8 lai oxide and C6rinni.Palladiuni-M 

As oxide of a lanttianide ceria (CeOa) was chosen. Cat 8 and ceria were physical mixed (3:1 
wAv). 

CatlO;BEACe-Pd 

15 Tim catalyst was prepared in flie same way as catalyst 2, but now using BEA as aooHte. 
Cat U:2SM-5 Ce-Pd 

This catalyst was prepared in the same way as catalyst 2, bxit now using ZSM-5 as zeoHte. 

20 Catl2:FERCo-Pd 

This catalyst was prepared in (he same way as catalyst 2, but now using PER as zeoUte. 

Example 2; Effect ofpr^anOhn 

Catalyst 1 and catalyst 3 were measured wider the following test conditions, as given in 
25 Table 1. Theresults obtained are given in Table 2 and in Figure 1. 

Table 1: test conditions for Example 2 



Volume 


0.9 ml 




150 znl/niiji 




10000 h"* 




I bara 
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Oas coiopositiQn: 




NO 


SODppm 


CO, 


2500 ppm 


tiaO 


5% 


Oz 




N, 


balance 



Ttf>le 2: convension results fix)m Example 2 (see also Figure 1) 



5 





Cats 






Catl 






CH4 conversion 


NOx conversion 
(%) 




CH4 conversion 
(%) 


NOx conversion 

(%) 


202 


0 


0 




0 


0 


222 


1 


0 




0 


0 


242 


1 


0 




0 


0 


261 


2 


0 




0 


u 


281 


1 


0 




1 


0 


302 


4 


3 




1 


4 


322 


4 


1 




1 


9 


342 


5 






5 


17 


362 


8 


10 




5 


31 


382 


12 


16 




S 


39 


402 


24 


23 




10 


4S 


422 


43 


33 




10 


61 


443 


11 


38 




15 


67 


463 


99 


36 




29 


76 


4^3 


ioo 


30 




58 


81 


503 


100 


19 




91 
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Rom tti^e date it is parent ttiat the Pd^impregnated catalyst (cat 3) bums methane, at tixe 
cost of the NOjt coiiveision. Such cataiysts are therefore not suitable for the method of the 
inveotioiL 

5 Pigure 2 gives PTIR ab^oxptions of mordenite \n*ich has been loaded with palladium by ion 
exdiange or impregnation* and of uoix-exchanged mordsnite. Only ia the case of the zeolite 
ewflianged with palladhnn is an absojption band present at about 950 cm'\ which is 
characceiistic of Pd^ at exchange sites. 

10 Ion exchange with p alladium yesults in a shift of the lattice vibrational band ( ± 1100-1000 
cm*^) towaida lower wavenumber Cbetween 980 and 920 cm'^). As reported by e.g* L. 
Drozdova, R. Prins* J. Dedecefc, Z. Sobalilf, B. Wichterlova, J. Phys. dxaxi. B 106 (2002) 
2240 andB. Pommier, P. G^lin, Phys. Chem. Chem. Phys, 1 (1999) 1655, this is indicative 
for palladium cations co-ordinated at the exchange site positions inside the zeolite 

IS micropores. This band is absent ha the SCEt inactive HMOR sample before introduction of 
palladium and in. the SCR inactive catalyst prepared by impreguation with palladium 
(PdIMP). 

The interaction of bx the 12-membei'ed ring channel of zeolite X and Y can also be 
20 shown by UV-VCS-NIR spectroscopy and ^Si-MAS NMR. (Saovage at al., J- CShem, Soc. 
Faraday Trans. 1995, 91(18), 3291-3297 and Sauvage et aj. Chem. Coromun. 1996, 1325, 
respectively). However, also EXAPS may be use± For iawtance, Zhang and Sachtler 
desaibe in Zeolites Vol. 10, 1990 an BCAFS study that indicated the presence of Pd^+ in 
thel2-membared ring of afeolite Y. 

25 

Example 3: JSffect ofpromotors 

In this example catalyst 2 (cerium-paUadium-MOR; Ce-IMP; Pd-WIE), catalyst 3 
ft)alladnmi-MOR: Pd-WEB), catalyst 4 (cobalt-palladiuni-MOR: Co-IMP; Pd-WIE) and 
catalyst 6 (cmum-MOR; Ce-IMP) are con[^paxed. The test conditions are as shown in Table 
30 3, the results are given in Table 4 and m Figure 3. 
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Table 3 ; test conditions fi>r Bxsnrple 3 



Volume 


0.45 nil 


Slow 


150 znlAnin " 


QHSY 


20000 h'^ 


■? ■ 


1 baiB 






Gas composition: 




NO 


500 ppm 




2500 ppm 


H2O 


5% 




5% ~ 




balance 



Table 4: conversion results &om Example 3 (see also Figine 3) 





NOx conversion (%) 




Cats 


Cat 6 


cat 4 


Cat 2 




Pd 


Ce 


Co-Pd 


Ce^Pd 


200 


0 


b 


0 


0 


220 


0 


0 


0 


0 


240 


0 - - 


0 


0 


0 


260 


0 


b 


0 


0 


280 


0 


0 


1 


1 


300 


1 


0 


4 


1 


320 


2 


0 


6 


6 


340 


4 


0 


19 


15 


360 


7 


0 


29 


28 


386 


10 


0 


44 


42 


400 


13 ■ ■ 


0 


52 


55 


420 


19 


0 


56 


71 


440 


2H 


0 


61 


82 


450 


3» 


0 


63 
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NO^ conversion (%) 




Cat3 


Cat 6 


Cat. 4 


Cat 2 






Pd 


Ce 


Co-Pd 


Ce-Pd 




470 










490 




(T - 







From these data it is apparent that both cerium and cobalt increase fltie activity of Pd-MOR, 
Above about 400*0 the conversion of the Ce-Pd-MOR catalyst is better. Ce-MOR does not 
show any activity at all, however* for the conversion of NO to N2 with methane^ 

5 

Example 4: Stability of Ce-Pd-MOR for exhaust gases jrom internal cpmbustion engines 
JnUss!^ ajcample the stability of catalyst 2 is measured at cliffearent gas speeds and at different 
temperatures. The test conditions are given in Table 5, and the re^t^ of tQeasvaement are 
given in Table 6 (also conqiarison with catalyst 4 CoCEMP)'Pd(WIB)nMOR) and are 
reprodticed in Figure 4. The gas composition is characteristic of the coxc^sition of the 
0 exhaust gases from an iatemal combustion engine. 



Table 5: test conditions for Exanjple 4 



Volume 


0.45-1,8 nil 


Flow 


ISOml/min 


GilSV 


5000-20000 h'* 


P 


Ibara 






Gas compositioni" 




NO 


500 ppm 


CPU 


2500 ppm 


PliO 


5% 


0, 


5% 


Nil 


balance 



From the results below (Table 6, Figure 4) it is apparent that in ^ite of the presence of S% 
5 water (and 5% oxygen) the catalyst retains its activity at both tetnperatures. It is also 
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apparent ftom the comparison pf cat 2 CCte(IMP).Pd(WI^ and cat 4 (Co(IN4P)- 

PdCWIB>MOR) ia Table 6 that the stability of cat 2 is higher. 





MOR 


GeCIMP>Pd(WIE)-MOR 




TaneC6) 
2 


T370^jSOO0h"*' 


T420«C; 20600 b-' 


T420^;200U0h'* 




6i 


03 


"SE : 


5 


59 


63 


58 


10 


60 


63 


60 


15 


58 


61 


56 


20 


58 


63 


56 


25 


59 


64 


54 


30 


57 


63 


53 


35 


60 


61 


53 


40 


57 


62 


51 


45 


57 


62 


47 


50 


59 


63 


44 


55 


57 






60 


58 






65 


57 






70 


58 






75 


57 






80 


59 







£!xang>Ie 5: Stability qfCe-Pd-MORfor nitric add exhaust gas conditions 
la thiB «aniplB oirtalyrt 2 is used to xemove NQ« a gas 

found in the outlet gases fixmi anitrio add fectoiy. Hxe conditioiis are giveaxiuTaWe 7 and 
tbo results in Table 8 andin Figms 5. 
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Table 7; tBStoooditioas fbr Example 5 



Volume 


15 ml 


mow 


5 1/min 




20000 h^^ 


P 


4Daza 






Gas oomposition! 






i5U0ppm 


NO 


SQO ppm 


UH4 


2500 ppm 




0,5% 


0, 


2.5% 


1^, 


balance 



Table 7: conversion resulls from Example 5 at 350"*C (see also Figure 5) 



TiOBQx) 


NOx(%) 


TinieOi) 


NOx(%) 


Time Qi) 




0 


67 


34 


62 


68 


63 


2 


66 


36 


62 


70 


62 


4 


65 


38 


62 


72 


62 


6 


66 


40 


62 


74 


61 


8 


65 


42 


62 


76 


62 


10 


64 


44 


62 


78 


61 


12 


63 


46 


62 


80 


62 


14 


63 


48 


62 


S2 


62 


16 


62 


SO 


62 


84 


62 


18 


63 


52 


61 


86 


62 


20 


62 


54 


62 


88 


61 


22 


62 


56 


62 


90 


61 


24 


62 


5? 


63 


92 


62 


26 


63 


60 


62 


94 


61 


2S 


63 


62 


63 


96 


61 


30 


62 


64 


62 


98 


61 


32 


62 


66 


62 
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Ftom tbese results (Table 8. Kguie 5) it is parent that the catalyst retains its activily fbr a 
lone time at 350°C in the pieseaoe of 0.5% water (and 2.5% oxygen) and 1500 ppm N2O. 

Example 6: Combined NO^-NiO removal 
5 In this example a combined deNCWBN20 setup is used, as described in NL-A-1017245, 
and m which the fiist catalyst is now catalyrt 2 and the second catalyst is catalyst 6. 
Methane is wed as reduction gas. The teaction conditioiw ate given in Table 8. aoid are as in 
ottttet gases ftom a aitdc add feotoiy. Tiaa test results ate diown in Table 9 and are also 
given in Figure 6. Piom the results it is apparent that good NO, and N2O conversiona can be 
-0 aohieved at relatively low tetmperatures. Even better converaionB are achieved at pressures 
higher than 1 bara (Figure iSa: NaO conversion at 1 and 6 bara; Kgine fib: NQx oonveraion at 
1 and 4 bara). 



I 



Table 8; test conditions for Bxamplc 6 





Cat 2 


Cat 6 


Volume 


15 ml 


15 ml 


Pliw 


sVinin 


GHiSV 


20000 


P 


1 and 4 bara 






Gas composition: 






l^UOppm 




500 ppm 


■as; 


z^uoppm 








2.5% 


Ha 


balanoe ~" 



i 

! 



! 

I 
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TablQ 9: NO, and NaO convetsioa resqlts fiom Bxanaple 6 (see also Figure 6a and 6b) 





1 baia 


4bqza 


TCC) 


N2O (%) 






NO.($5r~ 


263 


0 


5 


0 


19 


290 


1 


7 


1 


20 


318 


7 


12 


10 


28 


346 


26 


24 


47 


57 


375 


61 


41 


98 


94 


405 


95 


63 


100 


100 


436 


100 


S2 


98 


100 


466 


100 


8S 


100 


99 



Example 7; Conversion ofNOx and CH4 and stability ofY-Pd-MOR 
Catalyst S was measm-ed for evaluation of the conversion, aad stabflity, under liie test 
condilionia 49 given in Tables 10 and 12, respectively. The results obtained are given in 
Tables 1 1 and 13, respectively. 



Table 10: teat conditions fisr Exan^le 7 (conversion) 



Volwne 


0.4S ml 


Flow 


lOOml/oim 




13500 h-.l 


f 


Ibasra 






Gs^composition 




NO 


500 ppm 




2500 ppm 




5% 


O2 


5Vo 


rS2 


bol. 
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Table 11: conversion results for Pr-Pd-MOR (Cat 8) 





Yttrimn-Pd-MOR ~ " 


* V w 


CH4 Vo 




260 


0 


0 


281 


0 


0 


302 


0 


0 


322 


0 


0 


342 


1 


3 


362 


2 


5 


3S2 


3 


13 


392 


3 


18 


412 


4 


27 


433 


9 


SO 


453 


22 


85 


473 


55 


98 


490 


89 


100 



Table 12: test conditions for Example 7 (stability) 



Example GH4-SCR! perfonnance yttriuna-Pd^OK. 


Volume 


U.9inl 


Wow 


lOOnO/min 


Giisv 


Vo6dh-' ■ 


T 


395 '^e ■■ 


r 


Ibara 






Gascomposition. 






500 ppm 




2500 ppm " " 




10.5% 




5% 


K 


bDl. 
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Gonver^cm (vo) 


T2me(h) 


CH4 




2 


10 


58 


100 


9 


53 


150 


10 


54 


200 


10 


55 


250 


9 


S4 


300 


U 


56 


350 


9 


54 


400 


10 


55 


450 


11 


52 



Yttrium (yttria) improves flie SCR activity of paUadiimi-MOR resqlttog to higher NQc 
conversion level as compgred to palladium. Yttrium (yttria) stabilizes Pd-MOR, eveo in the 
presence of over 10 % water in the feed* 

Example 8: Stability ofPr-Pd-MOR 

CatalyBt 7 was measured for evaluation of the stability, under the test conditions as given in 
Table 14. The results obtained are given in Table 15, 



Table 14: test conditions fat Exantple 8 (Stability) 



fixample Ca,-^CR; Stability Praseodymium-Pd-MOR " " 


VOiUme 


0.7 ml 


.Flow 


100 ml/min 




9.000 h^l 


T 


420 deg C 




1 baia 






Ciascompositioa | 
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NO 


SOOppxa 




zsoo ppm 


HsO 


5% 








ta: 



T420''C; 9.000 h-^ 


Conversion (%) 


Time(h) 


CH4 




2 


U 


S9 


10 


14 


60 


23 


14 


63 


80 


14 


65 


85 


15 


64 



5 Praseodymium inrpioves the SCR activity of paUadium-MOR resulting ia a higher NO, 
conversion level as compared to palladium alone. i>iaseodyitiimn stabilizes Pd-MOR nQd 
shows no signs of deactivation for the period of 0ie test (85 hour). 

Example 9: Cemersion qfNO. and CH4 on a ntfmber c>f palladium ewhanged mordenites 
A awnAer of palladium exchanged mordeniteB were measured for evaluatioo of the 
0 conversion, under the test condftlons as given in Table 16. The results oblained are given in 
Table 17. The lanfbannm (La), dysprosium (Dy) and gadoKnium (Gd) Pdnmordenitcs were 
prepared ta the same way as described fbr Cat 7 and 8. 
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Table 1 6: test conditions for Example 9 (converwon) 



Exomple Ctii«5iU£li peitonnanoe I-antUflnxdee-Pd-MOR 


Volume 


0.45 ml 


i^Iow 






1^500 h-1 


F 


1 bat9 " 








GapconQjosition 






MO 


500 ppm 




CH4 


2500 ppm 




H2O 


5% 






5% 






bal. 





37 



wo 2004/609220 



30 



PCT/NL2003/0OO532 



Table 17: oonveision of NOx and CH4 on Pd-exchanged mordenitep 





Pd-MOR 


Pt-Pd-MOR 


Tb-Pd-MOR 


La-Pd- 


Dy4»d-MOR 


Gd^PdnMOJS 
















MOR 










T 


GH4 


""no" 


cm 






NO, 






C2J4 




GH4 
% 






% 




% 


% 


% 


% 


% 


% 


% 




% 




0 


0 


0 


0 




n4 


0 


0 


0 


0 


0 


0 




0 


0 


0 


0 


nd 


xid 


0 


0 


0 


0 


0 


0 


^fy 


0 


0 


0 


0 


04 


nd 


0 


0 


0 


0 


0 


0 




0 


0 


0 


0 


nd 


nd 


0 


0 


0 


0 


0 


0 




0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


0 


JOB 


0 


0 


0 


0 


Q 


0 


0 


0 


0 


0 


0 


0 


31o 


0 


0 


0 


0 


0 


0 


1 


0 


0 


0 


0 


0 


328 


0 


0 


0 


0 


0 


0 


1 


4 


I 


1 


2 


4 




2 


7 


2 


9 


0 


0 


2 


9 


2 


5 


3 


3 




1 


8 


2 


21 


0 


0 


3 


9 


2 


2 


3 


5 


/ 


3 


8 


3 


ID 


0 


4 


3 


11 


2 


6 


5 


6 




8 


11 


4 


a 


z 


5 


3 


13 


2 


9 


4 


8 


iff 


5 


13 


4 


12 


1 


8 


3 


15 


3 


11 


4 


11 


387 


5 


15 


a 


i.*f 


A 
H 


8 


3 


18 


2 


10 


3 


13 


397 


4 


17 


6 


15 


5 


14 


4 


21 


4 


16 


4 . 


14 


405 


5 


21 


7 


22 


5 


15 


5 


25 . 


4 


21 


6 


17 


415 


7 


23 


10 


24 


4 


17 


7 


29 


7 


26 


4 


17 


426 


9 


25 


S 


27 


5 


20 


8 


37 


7 


35 


S 


22 


435 


17 


30 


u 


38 


7 


24 


12 


48 


10 


50 


10 


29 


445 


2)1 


41 


14 


66 


11 


37 


18 


57 


16 


67 


16 


48 


455 


2P 


54 


27 


S2 


15 


53 


27 


71 


24 


87 


22 


75 


464 


45 


70 


42 


100 


24 


81 


42 


80 


39 


94 


36 


90 


474 


72 


79 


59 


100 


35 


99 


68 


86 


59 


97 


54 


99 


483 


94 


79 


77 


100 


53 


100 


94 


89 


78 


97 


71 


97 


493 






90 


100 


72 


100 


100 


86 


93 


99 


93 


100 



Lanthanidep improve the SCR activity of palladiumJ«[OR. resulting in higher NOx 
cottversion levels as combated to palladium mordenite (ion eotohanged) opty. 
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Example JO: Conversion ofNOx and CH4 on a physical mixture of a zeolite and an dsdde 
(Cat 9) 

Cat 9 waa measured foy evaluation of the conversion, under the same tept cotmUtiaas as 
given in Table 16. Tlie results obtaiaed are given in Table 18. 



Table IS: conversion results for 9 





CeOj + 


yttrium-P4- 










CH4% 


NQ^% 


260 


0 


0 


281 


0 


0 


302 


0 


0 


31S 


5 


19 


338 


8 


45 


362 


15 


72 


377 


20 


88 


387 


22 


92 


407 


26 


9A 


427 


33 


99 


456 


50 


99 


475 


67 


99 


495 


91 


99 



Physical mixing of ceiia. and Y-Pd-CBV21a (1:3 w/w) gives a very high SCR activity. 

Example 11: Conversion ofPfOx and CH4 on BEA (Cat 10) compared to (Cat 11) 

Ce-PdrBBA (Ce IMP; Pd WIB) Cat 10 waa measured for evaluation of the conversion in 
compariaon to Ce-Pd-ZSM-S (Ce IMP; Pd WIB) (Cat 1 1), under the $bxdb test conditions as 
10 given in Table 3. The results obtained are given in Table 19. 
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Table 19: coBVeraon results fin: C©J»drBEA (Ce IMP; Pd WIE) Get 10 and Ce-Pd-2SM-5 
(Ce IMP; Pd WIE) (Cat 11) 





cerimn-Pd-ZSMMS (lOMrii\g) 


cenumr^a-BfiA ( 12-rmg) 


'ICC) 


CH4% 








276 


0 


0 


0 


0 


295 


0 


0 


0 


0 


315 


0 


0 


0 


0 


334 


1 


6 


1 


8 


353 - 


3 


9 


4 


14 


372 


4 


15 


5 


17 


391 


5 


22 


7 


24 


410 


10 


26 


12 


30 


430 


15 


32 


18 


35 


450 


22 


33 


24 


49 



Compared to Ce(rMP)-Pd(WIB)^2SM-5 (10-rmg zeolite), the Ce(IMP>PdCWIE)-BEA 
5 catalyst (12-ring zeolite) is more active for NOx SCR with methane. 

Example 12: Conversion of NOx and CH4 on Ce-Pd-ZSM-S and stability of Ce-Pd-^ZSM-S 
(not according to ihe invention) 

Co-Pd-ZSM-5 (Ce IMP; Pd WIE) C^t 1 1 was measm-ed fer evaluation of (Jie conversion and 
performance (stability), wder the test conditions a« ^ven in Table 3 (with 19500 instead of 
20000 h**) and table 21, respectively. The results obtained are givai in Tables 20 and 22, 
.0 respectively. 
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Table 20: conversion results fax Ce-Pd-ZSM-5 (Ce IMP; Pd WIE) Cat H 





cerium-Pd-ZSM-5 








199 




0 


219 




0 


238 


0 


0 


257 


0 


0 


276 


0 


0 


295 


0 


0 


315 


0 


0 


334 


1 


6 


353 


3 


9 


372 


4 


15 


391 


5 


22 


410 


10 


26 


430 


16 


32 


450 


22 


33 



Table 21: test ctajditiQiis for Ce.P4-ZSM-5 (Ce IMP; Pd WIE) Cat 1 1 (Stabflity) 



5 



Exan^le CH^-SCai; stability of Ce.Pd-ZSM-5 as a fanddon of the temps 




volume 


0.45 ml 


Jblow 


150 ml/mm 


CiHSV 


19.500 h-l 


T "■ 


450 ~ — ■ " 


P 


1 bara ' 
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Table 22: test results for Ce-Pd-2SM-5 (Ce IMP; Pd WIE) Gat 1 1 (StaWmy) 



TimeCb) 






2 


18 


23 


5 


14 


18 


10 


13 


16 


15 


12 


12 


20 


n 


12 


25 


11 


12 


30 


10 


11 


35 


9 


11 


40 


8 


9 


45 


7 


8 


50 


7 


7 



It appeals ftwt the Ce(BlP)-PdCWIE)-ZSMS ci^talyst is not very active compared to C^^-Pd- 
MOR and even deactivates with tiixie . 

5 

Example 13: Conversion of Ce-Pd-FER (not accor4ing to the wvention) 
Ce-Pd^FER (Ce IMP; Pd WIE) Cat 12 was measpred for evalyatiou of the conversioix and 
perfonnance (stability), amdex the test conditions as given in TaWe 10. The results obtained 
are given in Table 23 . 

L 0 Table 23: conversion of NQ^ and 0114 oa Ce-Pd-FHR (Ce IMP; Pd WIE) Cat 12 





cerinm-Pd-JTER (10/8 ring) 




CH4% 






200 


0 


0 


0 


219 


0 


0 


0 


238 


0 


0 


0 


258 


0 


3 


0 


277 


0 


4 


0 


297 


0 


7 


0 
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ceiium-Pd-KER (10/8 ring) 


T^C) 




NOa% 




316 


1 


10 


0 


335 


2 


12 


0 


355 


2 


14 


0 


374 


2 


22 


0 


393 


2 


19 


Q 


412 


3 


27 


0 


431 


6 


23 


0 



The Ce(IMP)-iPdCWIE)-FER catalyst is only active for the oxidation of NO to NO2. 
However^ NOx (including NQ2 that has been obtained after ttie conyersion by thi^ catalyst), 
is not reduced at all. 
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